Abstract Biofilms facilitate communication among microorganisms for nutrients and protect them from predators and harmful chemicals such as antibiotics and detergents. Biofilms can also act as cores for the development of clogs in many agricultural irrigation systems and in porous media. In this study, we deployed glass units at a depth of 20 m below the ground surface in the groundwater-surface water mixing zone, and retrieved them after 4 months to investigate the potential colonization of indigenous microbial community and possible mineral-microbe assemblages. We observed the periodic formation of microbial colonies by fluorescence dye staining and microscopy, and analyzed the composition of the microbial community in both the mineralmicrobe aggregates and groundwater, by next generation sequencing of the 16S rRNA gene amplicons using MiSeq platform. During the course of incubation, we observed an increase in both the mineral-microbe aggregates and content of extracellular polymeric substances. Interestingly, the microbial community from the aggregates featured a high abundance of iron redox-related microorganisms such as Geobacter sp., Comamonadaceae sp., and Burkholderiales incertae sedis. Therefore, these microorganisms can potentially produce iron-minerals within the sediment-microbeassociated aggregates, and induce biofilm formation within the groundwater borehole and porous media.
Introduction
Biofilms play an important role in the formation of bio-clogging in various irrigation systems [1, 2] and in porous media [3, 4] . Biofilms formed due to biomass accumulation and microbially induced precipitation of minerals in saturated subsurface environments can give rise to bio-clogging in the porous media [1, 5] , and result in a decrease in the permeability of the subsurface environment. During growth, microorganisms excrete extracellular polymeric substances (EPS), which increase the cohesiveness of the cells and/or biomass, leading to the formation of biofilms [1, 6] . EPS have slimy and gel-like characteristics, and their main constituents are polysaccharides, proteins, and nucleic acids. Thus, EPS can potentially accumulate biomass and inorganic substances, such as minerals and sediments and form biofilms.
Biofilms have been in focus for their application as bio-barriers to prevent the spread of pollutants and degrade them within the containments in the subsurface and groundwater [3, 7, 8] . However, biofilms have also resulted in the decreased efficiency in engineered bioremediation of contaminated groundwater [9] . Nie et al. [10] have reported on the changes in the microbial community of the soil supplemented with nutrients from septic tank effluent lead to the biofilm formation, using denaturing gradient gel electrophoresis analysis. However, the microbial communities contributing to the formation of biofilms in porous media and/or groundwater have not been well characterized.
In the present study, we investigated the microbial community that colonized on the in-situ-formed mineral-microbe aggregates, in the groundwater borehole. The study area or borehole was in a hyporheic zone, where groundwater and surface water mixing occurred. Therefore, we investigated the effect of dissolved oxygen (DO) and dissolved organic carbons (DOCs), potentially migrating along with the surface water into the groundwater, on microbial colonization and potential for biofilm formation in the porous media. This study could provide insight into the microbial community composition contributing to the formation of biofilms and/or mineral-microbe aggregates in subsurface-saturated porous media environments.
Materials and Methods
In-situ incubation and colonization in groundwater Microscopic cover glasses (Marienfeld GmbH & Co.KG, LaudaKönigshofen, Germany) were deployed into the groundwater borehole to examine possible microbial colonization on them. The groundwater borehole was described in the previous publication [11] , and it was located within the mixing zone between stream water and groundwater in a heavy groundwater extraction area for agricultural use. Each cover glass was inserted into a plastic container (cell) with meshes on both sides of the container for water flow-through and 20-mesh cells were stacked up on a cylinder-type holder (Fig. 1) . The cylinder-type holder was deployed into the borehole WJ2 [11] at a depth of 20 m below the ground surface, and retrieved for sampling the plastic cells containing the cover glasses at selected time points. Some of the groundwater and geochemical parameters were measured on-site and in the laboratory after being transported at 4 o C, as indicated in Table 1 .
Sampling of the colonized slides and confocal laser scanning microscopy (CLSM) analysis
The retrieved cover glasses were directly examined for potential microbial colonization on the glasses using the CLSM (TCS SP5/ AOBS/tandem scanning system, Leica Microsystems GmbH, Wetzlar, Germany). The sampled cover glass surface was stained with SYTO9 (fluorescent green; Life Technologies, Carlsbad, CA, USA) and lectin PHA-L (Alexa Fluor 594 conjugate; Molecular Probes, Inc., Eugene, OR, USA) for bacterial cells (nucleic acids) and EPS, respectively. The EPS play a critical role in the formation of structured multicellular bacterial communities or biofilms [1] . Thus, CLSM examination was performed to observe the association of bacterial cells with EPS on the aggregates formed on the glass surfaces.
Genomic DNA extraction and microbial community analysis Surfaces of the retrieved cover glasses were swiped with sterile cotton and the groundwater was filtered using a 0.45-µm poresize, 47-mm diameter cellulose acetate membrane filters (Advantec, Tokyo, Japan) to collect the bacterial cells for DNA extraction. Cottons and filters were used for DNA extraction using the PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA, USA). Three DNA extracts were pooled into one for both the glass-colonized and planktonic microorganisms, and were then used for further downstream experiments. The V1-V3 region of the 16S rRNA gene was amplified from the genomic DNA using the 16S rDNA fusion primer set (27F, 5-GAG TTT GAT CMT GGC TCA G-3 and 518R, 5-WTT ACC GCG GCT GCT GG-3), followed by sequencing using a GS-FLX sequencing system (Roche, Basel, Switzerland) by Macrogen (Seoul, South Korea).
The sequence was processed using Mothur ver. 1.33.3 [12] , by referring the suggested standard operating procedure for 454 pyrosequencing [13] [14] [15] . Sequence errors were reduced by using a series of subroutine processes in Mothur, and were screened for chimeras using UCHIME [16] . After the removal of low-quality reads and non-bacterial sequences, the total number of sequences from the two samples was 13,361. Total sequence counts were 5,921 and 7,440 for the glass surface (WJ2-S) and groundwater (WJ2-W), respectively. The sequences were aligned against the 
